Autophagy is a process that requires intense membrane remodeling and consumption. The nutrient-responsive TORC1 (target of rapamycin complex 1) kinase regulates autophagy. However, how TORC1 controls autophagy via lipid/membrane biogenesis is unknown. TORC1 regulates the function of yeast phosphatidate phosphatase lipin Pah1 via the Nem1/Spo7 phosphatase complex. Here, we show that the Nem1/Spo7-Pah1 axis is required for autophagy induction after TORC1 inactivation and survival during starvation. Furthermore, this axis was critical for nucleophagy (both micronucleophagy and macronucleophagy) and was required for proper localization of micronucleophagy factor Nvj1 and macronucleophagy receptor Atg39. This study indicated that the Nem1/Spo7-Pah1 axis controlled by TORC1 is a critical branch for autophagy induction in nutrient starvation conditions.
Introduction
Phosphatidate (PA) phosphatase, known as lipin, generates diacylglycerol (DAG) from PA and is a key enzyme for the synthesis of membrane phospholipids and triacylglycerol (TAG) as a neutral lipid reserve [1] [2] [3] . Lipin is essential for fat metabolism, adipogenesis, and organelle biogenesis in mammals [2, 4, 5] . Genetic variations in lipin genes are related to common metabolic dysregulation such as obesity, hyperinsulinemia, hypertension, type 2 diabetes, rhabdomyolysis, and alcoholic fatty liver disease [1, [6] [7] [8] . Pah1 is a single lipin in the budding yeast Saccharomyces cerevisiae [9] . Yeast cells accumulate TAG and form lipid droplets in nutrient starvation conditions in a Pah1-dependent manner [9] [10] [11] [12] .
Lipin functions in the endoplasmic reticulum (ER)/ nuclear membrane. However, lipin has no transmembrane domain and requires association with the nuclear membrane, which is inhibited by phosphorylation mediated by various protein kinases [13] [14] [15] [16] . Target of rapamycin complex 1 (TORC1) kinase also controls this step in response to nutrient availability: mammalian TORC1 kinase directly phosphorylates and inhibits the function and membrane association of lipin in normal conditions [17] [18] [19] . Yeast nuclear membrane-resident protein phosphatase complex consisting of Nem1 (a catalytic subunit) and Spo7 (a regulatory subunit) and the mammalian orthologous complex CTDNEP1/NEP1R1 dephosphorylate Pah1/lipin to cause its activation and membrane association [13, 15, [20] [21] [22] [23] . nem1Δ mutant cells exhibited defects in TAG synthesis, similar to a pah1D mutant, indicating the important roles of Nem1/ Spo7 in the functions of Pah1 [11] . Yeast TORC1 represses Pah1 function indirectly by controlling the phosphorylation status of Nem1 [24] . Thus, the TORC1-Nem1/Spo7-Pah1 axis is important for TAG storage in nutrient starvation conditions.
Macroautophagy degrades cytoplasmic components and organelles in lysosomes/vacuoles [25, 26] . Newly Abbreviations DAG, diacylglycerol; ER, endoplasmic reticulum; GFP, green fluorescent protein; HOPS, homotypic fusion and vacuole protein sorting; HRP, horseradish peroxidase; NVJ, nuclear-vacuolar junction; PA, phosphatidic acid; TAG, triacylglycerol; TORC1, target of rapamycin complex 1. generated cup-shaped structures, called isolation membranes, expand to encapsulate cellular constituents and then the edges of isolation membranes fuse to form double membrane-surrounded autophagosomes. Subsequently, autophagosomes fuse with lysosomes/vacuoles, and the encapsulated cargoes are digested by lysosomal/vacuolar hydrolytic enzymes. Nutrient starvation and TORC1 inactivation invoke macroautophagy [25] , but this process requires intense membrane remodeling and consumption. TAG in lipid droplets is implicated as a source for autophagosomal membranes, and autophagy induction after nitrogen starvation is impaired in cells defective in TAG synthesis [27, 28] . In mammals, the neutral lipase PNPLA5, which produces DAG from TAG, is required for optimal autophagosome biogenesis and autophagy after nitrogen starvation [29] . Similarly, autophagosome formation and macroautophagy after nitrogen starvation are inhibited in yeast mutant cells defective in TAG synthesis or lipolysis [27] . Thus, TAG is important for autophagy induction after nutrient starvation.
Because DAG is a main precursor of TAG [30] , we suspected that the Nem1/Spo7-Pah1 axis is critical for macroautophagy induction after nutrient starvation and TORC1 inactivation. Here, we show that loss of Pah1 or Nem1/Spo7 partially compromises bulk autophagy after TORC1 inactivation. Moreover, we demonstrate that nucleophagy (both micronucleophagy and macronucleophagy) is more severely impaired in cells lacking these genes.
Results
The Nem1/Spo7-Pah1 axis is required for macroautophagy induction after TORC1 inactivation
To assess whether the Nem1/Spo7-Pah1 axis is required for overall macroautophagy flux after TORC1 inactivation, we performed a GFP-Atg8 processing assay [31] after treatment with the specific TORC1 inhibitor rapamycin. Isolation membraneassociated Atg8 itself is degraded in the vacuole by macroautophagy. When the fusion protein GFP-Atg8 is expressed in the cytoplasm, Atg8, but not the GFP moiety, is degraded by macroautophagy, producing free GFP, which is detected by western blotting analysis (GFP with a b-barrel structure is not degraded by vacuolar proteases) [31] . Production of free GFP from GFP-Atg8 was clearly detected in wild-type cells after rapamycin treatment, whereas the production was almost completely lost in cells lacking an autophagyrelated Atg1 protein kinase (Fig. 1A) , as described previously [32] . Free GFP production was remarkably reduced in cells lacking Pah1 (Fig. 1A) . This indicated that macroautophagy was partially compromised in this mutant. Similarly, macroautophagy was partially impaired by loss of Nem1 or Spo7 (Fig. 1B) . Thus, Pah1 and Nem1/Spo7 are required for macroautophagy. There was no additive defect in macroautophagy in double mutant pah1Δ nem1Δ cells, indicating that Nem1/Spo7 and Pah1 functions in macroautophagy in the same pathway (Fig. 1C) . Thus, the Nem1/Spo7-Pah1 axis was required for macroautophagy induction after TORC1 inactivation.
The Nem1/Spo7-Pah1 axis is required for autophagic degradation of mitochondria, but not for the Cvt pathway
We further assessed whether the Nem1/Spo7-Pah1 axis is indeed required for macroautophagic degradation of cytoplasmic cargoes after TORC1 inactivation. To this end, we examined autophagic degradation of mitochondria. Mitochondria are degraded by nonselective macroautophagy and a selective pathway (called mitophagy) after nutrient starvation and TORC1 inactivation [25, 33, 34] . In our experimental conditions, mitochondria in cells grown in glucose-based media were also degraded in both modes after rapamycin treatment, because the loss of Atg11, which is required for mitophagy, only partially reduced the autophagic degradation of mitochondria (our unpublished data). We monitored this using a mtDHFR-GFP processing assay [34] . We confirmed that the production of free GFP from mtDHFR-GFP was completely diminished in atg1Δ cells ( Fig. 2A) , as described previously [33, 34] . Production of free GFP from mtDHFR-GFP was again reduced in mutant cells lacking Pah1, Nem1, or Spo7 (Figs. 2A,B) . This confirmed that the Nem1/Spo7-Pah1 axis was required for macroautophagic degradation of mitochondria after TORC1 inactivation.
The macroautophagy-related cytoplasm-to-vacuole transport (Cvt) pathway transports premature aminopeptidase I (prApe1) from the cytoplasm into the vacuole to produce mature Ape1 (mApe1) after vacuolar proteases-mediated processing in normal (nutrient-sufficient) conditions [35] . In contrast to macroautophagy induced by TORC1 inactivation, the Cvt pathway was not hampered by the loss of Pah1, Nem1, or Spo7 in normal conditions, because mApe1 was produced similarly in pah1Δ, nem1Δ, or spo7Δ cells as in wild-type cells in normal conditions (Fig. 2C,D) . Collectively, the Nem1/Spo7-Pah1 axis was required for optimal macroautophagy induction in TORC1 inactive conditions, whereas the axis was dispensable for the Cvt pathway in normal (TORC1 active) conditions. The Nem1/Spo7-Pah1 axis is critical for nucleophagy induction after TORC1 inactivation
The Nem1/Spo7-Pah1 axis is required for proper nuclear membrane morphology in normal conditions: cells lacking Pah1 or Nem1/Spo7 exhibit an abnormally expanded structure of the nuclear/ER membrane [13, 20, 36] . The abnormal nuclear morphology in these mutants suggested a possibility that this axis especially impinges on nucleophagy, a mode of autophagic degradation of the nonessential portion of the nucleus, the nucleolus [37, 38] . Nucleophagy degrades nucleolar proteins involved in ribosome maturation such as Nop1, together with nuclear , and SCU4830 (spo7Δ) harboring plasmid pSCU1998 (pGFP-ATG8) were treated with 200 ngÁmL À1 rapamycin for 4 h. SCU4067 (atg1Δ) was used as the control. Whole-cell extracts were subjected to western blotting using an anti-GFP antibody. Pgk1 was detected as the loading control using an anti-Pgk1 antibody. Free GFP processed from GFP-tagged protein was measured using IMAGEJ software, and quantified by calculating the ratio of cleaved free GFP versus uncleaved full-length protein. The average (AE standard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. The P-values were calculated using a two-tailed Student's t-test. (C) Cells of strains SCU893 (wild-type), SCU4826 (pah1Δ), SCU4828 (nem1Δ), and SCU4998 (pah1Δ nem1Δ) harboring plasmid pSCU1998 (pGFP-ATG8) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. Pgk1 was detected as the loading control using an anti-Pgk1 antibody.
membrane proteins localized at the nuclear-vacuolar junction, (NVJ) such as Osh1. Free GFP production from Nop1-GFP or GFP-Osh1 was previously used for the assessment of nucleophagy, which was dependent on Atg1 [39, 40] (Fig. 3A) . Free GFP production from Nop1-GFP or GFP-Osh1 was previously used for assessment of nucleophagy [39, 40] . Free GFP production from these fusion proteins was severely reduced in cells lacking Pah1, Nem1, or Spo7 ( Fig. 3A-D) . The reduction in nucleophagy was more severe compared with that in overall autophagy. This indicated that the Nem1/Spo7-Pah1 axis is critical specifically for nucleophagy. We also confirmed that Nem1/Spo7 and Pah1 function in (wild-type), SCU4826 (pah1Δ), SCU4828 (nem1Δ), and SCU4830 (spo7Δ) harboring plasmid pSCU1885 (mtDHFR-GFP) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. SCU4067 (atg1Δ) was used as the control. The average (AE standard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. For statistical analysis, the P-values were calculated using a two-tailed Student's t-test. (C, D) Cells of strains SCU893 (wild-type; WT), SCU4826 (pah1Δ), SCU4828 (nem1Δ), and SCU4830 (spo7Δ) were cultured in normal conditions. Whole-cell extracts were subjected to western blotting and premature Ape1 (prApe1) and mature Ape1 (mApe1) were detected using an anti-Ape1 antibody. Pgk1 was detected as the loading control using an anti-Pgk1 antibody.
nucleophagy in the same pathway, because there was no additive defect in nucleophagy in pah1Δ nem1Δ cells (Fig. 3E) .
The Nem1/Spo7-Pah1 axis is required for the induction of autophagy and nucleophagy after nitrogen starvation
Nitrogen starvation causes TORC1 inactivation and autophagy induction, similar to rapamycin treatment [41] . We suspected that the Nem1/Spo7-Pah1 axis is also required for the induction of autophagy and nucleophagy after nitrogen starvation. This was indeed the case. Loss of Nem1 and Pah1 compromised free GFP production from GFP-Atg8 and Nop1-GFP after nitrogen starvation (Fig. 4A,B) . These results indicated that the Nem1/Spo7-Pah1 axis is also required for the induction of autophagy and nucleophagy after nitrogen starvation-induced TORC1 inactivation.
The Nem1/Spo7-Pah1 axis is required for macronucleophagy induction after TORC1 inactivation Nucleophagy is divided into Atg39/Atg40-dependent macronucleophagy and Nvj1-dependent micronucleophagy (or piecemeal microautophagy of the nucleus) in budding yeast [38, 42] . Both types of nucleophagy are induced by TORC1 inactivation [38, 43] . Macronucleophagy is mediated by the outer nuclear membrane-resident protein Atg39, a specific receptor for isolation membrane engulfment (the related protein Atg40 also has a minor contribution) [40] . It is thought that a small portion of the nucleus protrudes and is engulfed by the isolation membrane [38] . The abovementioned results indicated that the Nem1/ Spo7-Pah1 axis is required for macronucleophagy and/or micronucleophagy.
First, we assessed whether the axis is involved in macronucleophagy using nvj1Δ-background cells: nvj1Δ cells abolish micronucleophagy. Free GFP production from Nop1-GFP after rapamycin treatment was only slightly reduced in nvj1Δ cells in our experimental conditions (Fig. 5A,B ). This indicated that micronucleophagy marginally contributes to nucleophagic degradation of Nop1 in these conditions. Macronucleophagy (in nvj1Δ-background cells) after rapamycin treatment was almost abolished by the loss of Pah1 or Nem1 (Fig. 5A,B) . This indicated that the Nem1/Spo7-Pah1 axis is critical for macronucleophagy induction after TORC1 inactivation.
The Nem1/Spo7-Pah1 axis is required for micronucleophagy induction after TORC1 inactivation Microautophagy degrades cargos by direct lysosomal/ vacuolar engulfment of the cytoplasmic cargo without autophagosomes [44] [45] [46] . Cytoplasmic materials are trapped in the lysosome/vacuole by the process of vacuolar membrane invagination. Nuclei and vacuoles closely associate via the NVJ, which involve interactions between the outer nuclear membrane protein Nvj1 and the vacuolar membrane protein Vac8 [47, 48] . In micronucleophagy, the NVJ including nucleolar proteins invaginates toward the vacuolar lumen to form a bleb that releases a vesicle into the vacuolar lumen [48] . We examined whether the Nem1/Spo7-Pah1 axis is required for micronucleophagy using atg39Δ atg40Δ-background cells: atg39Δ atg40Δ cells abrogate macronucleophagy. Free GFP production from Nop1-GFP after rapamycin treatment was remarkably reduced in cells lacking both Atg39 and Atg40 (Fig. 6A,B ), indicating that macronucleophagy was a major mode of nucleophagy in our experimental conditions (compare Fig. 5A ,B). Micronucleophagy (in atg39Δ atg40Δ-background cells) was drastically hindered by the loss of Pah1 or Nem1 (Fig. 6A,B) . Thus, the Nem1/Spo7-Pah1 axis is critical for micronucleophagy induction after TORC1 inactivation. Together, the Nem1/Spo7-Pah1 axis is crucial for the induction of not only macronucleophagy but also micronucleophagy after TORC1 inactivation. This clearly indicated that the Nem1/Spo7-Pah1 axis is necessary for 'microautophagy'. Of note, we examined the nucleophagic activity of atg39Δ atg40Δ nvj1Δ triple mutant Fig. 3 . The Nem1/Spo7-Pah1 axis is critical for nucleophagy induction after TORC1 inactivation. (A-D) Cells of strains SCU893 (wild-type), SCU4826 (pah1Δ), SCU4828 (nem1Δ), and SCU4830 (spo7Δ) harboring plasmid pSCU740 (pNOP1-GFP) or pSCU1865 (pGFP-OSH1) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. SCU4067 (atg1Δ) was used as the control. (E) Cells of strains SCU893 (wild-type), SCU4826 (pah1Δ), SCU4828 (nem1Δ), and SCU4998 (pah1Δ nem1Δ) harboring plasmid pSCU740 (pNOP1-GFP) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. The average (AE standard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. For statistical analysis, the P-values were calculated using a two-tailed Student's ttest. cells lacking both micronucleophagy and macronucleophagy and confirmed that nucleophagic activity was drastically abolished in this mutant (Fig. 6C) .
Vacuolar fragmentation by loss of the Nem1/ Spo7-Pah1 axis is recovered by TORC1 inactivation
Wild-type cells contain one to four vacuoles in normal growth conditions, depending on the strain background [49] . However, upon nutrient limitation, they coalesce into a single organelle and thus expand their volume, probably facilitating autophagy [50, 51] . Homotypic vacuole-vacuole fusion requires regulatory lipids including DAG, and the lack of Pah1 abolishes homotypic vacuole fusion, causing vacuole fragmentation [36, 52] . We wondered if vacuole fragmentation might influence the autophagic degradation of cargoes in the vacuole. We again observed vacuole fragmentation in pah1Δ cells under normal conditions (Fig. 7A,  B) . Similarly, loss of Nem1 or Spo7 caused vacuole fragmentation in normal conditions, although the defects were milder than that found in pah1Δ cells. Vacuole invagination is the first step of vacuole fission and fragmentation [53] , and we observed vacuole invagination in these mutants (Fig. 7A , see nem1Δ and spo7Δ). These findings indicated that the Nem1/ Spo7-Pah1 axis is required for the vacuole fusion process.
Nutrient starvation and TORC1 inactivation promote vacuolar fusion [50] . Moreover, TORC1 inactivation by rapamycin treatment blocked hyperosmotic and ER stress-induced vacuolar fragmentation [52, 54, 55] . We also found that rapamycin treatment , and SCU4828 (nem1Δ) harboring plasmid pSCU1998 (pGFP-ATG8) were transferred to SD-N medium without ammonium sulfate and incubated for a further 4 h. SCU4067 (atg1Δ) was used as the control. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. (B) Cells of strains SCU893 (wild-type), SCU4826 (pah1Δ), and SCU4828 (nem1Δ) harboring plasmid pSCU740 (pNOP1-GFP) were transferred to SD-N medium without ammonium sulfate and incubated for a further 4 h. SCU4067 (atg1Δ) was used as the control. Whole cell extracts were subjected to western blotting using the anti-GFP antibody. The average (AE standard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. For statistical analysis, the P-values were calculated using a two-tailed Student's t-test.
drastically abolished vacuole fragmentation in cells lacking the Nem1/Spo7-Pah1 axis (Fig. 7A,C) . Thus, TORC1 inactivation promoted vacuole fusion even in cells defective in DAG synthesis. Therefore, it is unlikely that vacuole fragmentation in cells lacking the Nem1/Spo7-Pah1 axis is due to the defect of autophagy induction after TORC1 inactivation.
Autophagy promotes vacuole fragmentation in cells lacking the Nem1/Spo7-Pah1 axis Autophagosomes and vacuoles/lysosomes are fused during the process of macroautophagy, expanding vacuoles/lysosomes. TORC1 inactivation caused vacuole fusion, probably contributing to the autophagic process. However, autophagy itself is seemingly dispensable for vacuole fusion after TORC1 inactivation, because cells lacking autophagic activity such as atg1Δ cells have big single vacuoles after TORC1 inactivation [56] , although loss of Atg1 slightly increased vacuole fragmentation in normal conditions (compare Figs 7 and 8). We examined whether autophagy is involved in vacuole fragmentation in cells lacking the Nem1/ Spo7-Pah1 axis, because autophagic activity and vacuole fusion were both compromised in these mutant cells. Loss of Atg1 remedied vacuole fragmentation in pah1Δ and nem1Δ cells after rapamycin treatment (compare Figs 7 and 8) . A similar tendency was observed even in normal conditions, with the ratios of cells with single large vacuoles increased by Atg1 loss in pah1Δ and nem1Δ cells. These findings indicated that autophagy negatively regulates vacuolar fusion in these mutants. This idea might be consistent with previous findings that autophagy-related proteins Atg8 and Atg18 were identified to be required for vacuole fission after ER stress and hyperosmotic stress, respectively [52, 55] . Thus, it is unlikely that reduced autophagy causes vacuole fragmentation in cells lacking the Nem1/Spo7-Pah1 axis.
Ypt7, Vps41, and Vps34 are recruited to the vacuolar membrane in cells lacking the Nem1/ Spo7-Pah1 axis after TORC1 inactivation Accompanying vacuole fragmentation, vacuoles in pah1Δ cells were devoid of vacuolar fusion factors, HOPS (homotypic fusion and vacuole protein sorting) complex, the late endosome/vacuolar Rab Ypt7, and the phosphatidylinositol 3-kinase Vps34 that produces phosphatidylinositol 3-phosphate, is required for SNARE activity and vacuole fusion [36] . We examined the intracellular localization of these factors in pah1Δ, and nem1Δ cells. In these mutant cells, Vps41 (a subunit of HOPS), Ypt7, and Vps34 were partially localized on the vacuolar membrane, but they also diffused to the cytoplasm in normal conditions, compared with (nvj1Δ), SCU4893 (nvj1Δ pah1Δ), and SCU4891 (nvj1Δ nem1Δ) harboring plasmid pSCU740 (pNOP1-GFP) were treated with rapamycin for 4 h. Whole cell extracts were subjected to western blotting using the anti-GFP antibody. The average (AEstandard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. For statistical analysis, the P-values were calculated using a two-tailed Student's t-test.
those found in the wild-type cells (Fig. 9) . However, after rapamycin treatment, these proteins in the mutant cells were properly localized on the vacuolar membrane as in case of the wild-type cells. This proper recruitment of these factors to the vacuolar membrane was coincident with vacuole fusion in cells lacking the Nem1/Spo7-Pah1 axis after TORC1 inactivation.
The Nem1/Spo7-Pah1 axis is required for proper formation of the NVJ Because micronucleophagy occurs at the NVJ, we examined whether NVJ function is compromised in cells lacking the Nem1/Spo7-Pah1 axis, which were defective in micronucleophagy. We monitored the localization of (atg39Δ atg40Δ), SCU4897 (atg39Δ atg40Δ pah1Δ), and SCU4895 (atg39Δ atg40Δ nem1Δ) harboring plasmid pSCU740 (pNOP1-GFP) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. (C) Cells of strains SCU893 (wildtype) and SCU4992 (atg39Δ atg40Δ nvj1Δ) harboring plasmid pSCU740 (pNOP1-GFP) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. The average (AE standard deviation) was determined from three independent experiments (n = 3), and relative values were normalized against the value in control cells are shown. For statistical analysis, the P-values were calculated using a two-tailed Student's t-test. +Rap Nvj1 (a component of the NVJ) that is required for micronucleophagy. The outer nuclear membrane protein Nvj1 accumulated at the NVJ in normal conditions in the wild-type cells, but not in cells lacking Vac8 (Fig. 10) , as reported previously [47] . These features were not changed after rapamycin treatment. Vacuole invagination at the NVJ, which is a symptom of micronucleophagy, was frequently observed in the wildtype cells after rapamycin treatment.
In the cases of pah1Δ and nem1Δ cells, the nucleus (marked by Nvj1-GFP) was abnormally expanded in normal conditions (Fig. 10) , as shown previously [13, 20, 36] . Of note, Nvj1 accumulation at the NVJ was largely compromised by loss of Pah1 or Nem1 in most cells. After rapamycin treatment the expanded nucleus was associated with the vacuole over wider regions in these mutant cells than in the normal NVJ regions found in wild-type cells. Vacuole fragmentation in pah1Δ and nem1Δ cells was remedied by rapamycin treatment (Fig. 7) , whereas nuclear expansion (marked by Nvj1-GFP) in pah1Δ and nem1Δ cells was not remedied by rapamycin treatment in these mutant cells (Fig. 10) . Thus, the Nem1/Spo7-Pah1 axis was required for a properly sized nucleus and thereby construction of the NVJ, probably guaranteeing accurate execution of micronucleophagy.
The Nem1/Spo7-Pah1 axis is required for proper localization of Atg39
Macronucleophagy was recently found in budding yeast, but its features were not well identified [40] . ) were treated with rapamycin for 1 h. Cell and fluorescent images were captured using a microscope. Cells were classified into three classes, cells with a single vacuole, two or three vacuoles, and more than three vacuoles, as for Fig. 7B ,C. More than 100 cells were counted in each experiment and scored. The mean value (AE standard deviation) obtained from three independent experiments is shown as a percentage. For statistical analysis, the P-values were calculated using a two-tailed Student t-test. Scale bars, 5 lm.
Micronucleophagy occurred at the NVJ, whereas the location of macronucleophagy on the nuclear membrane occurs was unknown. It has been reported that Atg39 was localized on the outer nuclear membrane [40] . We suspected whether Atg39 might also delocalize in cells lacking the Nem1/Spo7-Pah1 axis, because Cells of SCU5325 (GFP-YPT7), SCU5329 (GFP-YPT7 pah1Δ), SCU5331 (GFP-YPT7 nem1Δ), SCU5314 (VPS41-GFP), SCU5317 (VPS41-GFP pah1Δ), SCU5315 (VPS41-GFP nem1Δ), SCU5304 (VPS34-GFP), SCU5321 (VPS34-GFP pah1Δ), and SCU5319 (VPS34-GFP nem1Δ) pretreated with FM4-64 (10 ngÁmL À1 ) were treated with rapamycin for 1 h. Cell and fluorescent images were captured using a microscope. All microscope observations were performed independently at least three times to confirm the reproducibility of the results. Scale bars, 5 lm.
macronucleophagy was compromised in these mutant cells. As reported previously, Atg39 was localized on the nuclear membrane in wild-type cells in normal conditions, and accumulated at the NVJ in some cells (Fig. 11) . Atg39 accumulation at the NVJ was maintained after rapamycin treatment. However, it was again perturbed in nem1Δ and pah1Δ cells. This might be consistent with the defect in the NVJ formation in these mutant cells. Thus, the Nem1/Spo7-Pah1 axis was required for proper localization of Atg39 at the NVJ on the nuclear membrane. This perturbation of Atg39 localization might reduce macronucleophagy in these mutant cells.
Involvement of the Nem1/Spo7-Pah1 axis in TORC1 activity and vacuolar proteolytic activity
Because TORC1 is localized on the vacuolar membrane [41, 57] , we wondered whether TORC1 activity is affected in cells lacking the Nem1/Spo7-Pah1 axis, ) were treated with rapamycin for 1 h. SCU5507 (NVJ1-GFP vac8Δ) was used as the control. Cell and fluorescent images were captured using a microscope. All microscope observations were performed independently at least three times to confirm the reproducibility of the results. Scale bars, 5 lm.
in which vacuole fusion is compromised in normal conditions, although this defect was remedied after rapamycin treatment. To test this idea, we examined the phosphorylation status of Atg13, a key autophagy-related protein, in pah1Δ and nem1Δ cells. Atg13 is a direct target of TORC1 [58] , and TORC1 activity is monitored using the phosphorylation status of Atg13 [25, 26] . Moreover, Atg13 is an important regulator of TORC1-regulated autophagy induction: Atg13 is hyperphosphorylated by TORC1 in normal conditions, repressing autophagy induction. However, when TORC1 is inactivated after nutrient starvation and rapamycin treatment, Atg13 is rapidly dephosphorylated, inducing autophagy [25, 26] . We found that Atg13 was hyperphosphorylated in normal conditions and dephosphorylated after rapamycin treatment in pah1Δ and nem1Δ cells, as effectively as those found in the wild-type cells (Fig. 12A) . This indicated that TORC1 activity and Atg13 phosphorylation/dephosphorylation are properly regulated in cells lacking the Nem1/Spo7-Pah1 axis.
Next, we assessed whether the ability of vacuolar protein degradation after incorporation of autophagic bodies into the vacuole was also compromised in cells lacking the Nem1/Spo7-Pah1 axis. We found that protein levels of the vacuolar protease Pep4, which is critical for autophagic degradation of cytoplasmic cargos [59] , were substantially equal to those found in pah1Δ and nem1Δ cells before and after rapamycin treatment (Fig. 12B) . We also confirmed that Pep4 (monitored using Pep4-GFP) was seemingly sorted to the vacuole in pah1Δ and nem1Δ cells as effectively as in wild-type cells in TORC1 active and inactive conditions (data not shown). Furthermore, the protein levels of the mature form of another vacuolar protease, Ape1 (mApe1), were not reduced in these mutants even after rapamycin treatment (Fig. 12C) . This suggested that after TORC1 inactivation Ape1 is correctly targeted to and processed in the vacuole. Ape1 maturation by proteolytic processing is dependent on the vacuolar protease Prb1 [60, 61] . This suggested that vacuolar Prb1 activity is not also compromised in these mutant cells. Collectively, all these data suggested that vacuolar proteolytic activity is not attenuated by the loss of the Nem1/Spo7-Pah1 axis.
The Nem1/Spo7-Pah1 axis is required for survival during starvation and for TORC1-regulated cell growth
Target of rapamycin complex 1 inactivation-induced autophagy is important for survival during nutrient starvation, and autophagy-deficient cells rapidly lose cell viability after nitrogen starvation [56] . Because the Nem1/Spo7-Pah1 axis was important for TORC1 inactivation-induced autophagy, we suspected that this axis is important for survival in starvation conditions. atg1Δ cells used as the control rapidly lost cell viability in nitrogen starvation conditions (Fig. 13A) , as shown previously [56] . nem1Δ and pah1Δ cells were also sensitive to starvation conditions. This indicated that the Nem1/Spo7-Pah1 axis is required for survival in nutrient starvation conditions. Interestingly, pah1Δ cells were hypersensitive to starvation conditions than atg1Δ cells, suggesting that Pah1 (and DAG production) might have not only autophagy-mediated nutrient recycle but also an additional role for survival during starvation. Finally, we examined whether TORC1 regulates cell growth via the Nem1/Spo7-Pah1 axis. If TORC1 positively and negatively regulates cell growth via one protein, cell growth of the strain lacking this protein would be impeded and improved in the presence of low concentrations of rapamycin, respectively [62] . nem1Δ and pah1Δ cells, but not atg1Δ cells, were hypersensitive to rapamycin (Fig. 13B) . These suggested that the Nem1/Spo7-Pah1 axis was required for TORC1-mediated cell growth. Collectively, the Nem1/ Spo7-Pah1 axis was important not only for survival in starvation conditions but also for TORC1-regulated cell growth in nutrient-rich conditions.
Discussion
Lipin is a key enzyme as a branch in the biogenesis of membrane lipids and storage lipids [1] [2] [3] . TORC1 attenuates this pathway in normal conditions, and TORC1 inactivation switches on this pathway; namely, TORC1 promotes the biogenesis of membrane lipids in normal conditions and the biogenesis of storage lipids in nutrient-starved conditions [24] . Here, we showed that the Nem1/Spo7-Pah1 axis is required for autophagy induction after TORC1 inactivation (Fig. 14) . The main, critical TORC1-regulated pathway for autophagy induction is mediated by Atg1/ ULK1 kinase [25, 26] . TORC1 phosphorylates Atg13 in nutrient-rich conditions, but nutrient starvation and TORC1 inactivation cause Atg13 dephosphorylation, promoting the formation of the Atg1 kinase complex, consisting of Atg1, Atg13, Atg17, Atg29, and Atg31 [63] [64] [65] . Formation of the Atg1 complex is required for the initial step of autophagosome formation and macroautophagy. The TORC1-Atg1 signaling axis is conserved throughout most eukaryotes to regulate autophagy [25, 26] . The Nem1/Spo7-Pah1 axis supports autophagy induction after TORC1 (wild-type), SCU4826 (pah1Δ), and SCU4828 (nem1Δ) harboring plasmid pSCU1875 (pATG13) were treated with rapamycin for 4 h. Whole cell extracts were subjected to western blotting using an anti-Atg13 antibody. For detection of the phosphorylation status of Atg13, 7.5% acrylamide gels were used. P-Atg13, phosphorylated Atg13. (B) Cells of strains SCU5501 (PEP4-GFP), SCU5503 (PEP4-GFP pah1Δ), and SCU5505 (PEP4-GFP nem1Δ) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting using the anti-GFP antibody. (C) Cells of strains SCU893 (wild-type), SCU4826 (pah1Δ), and SCU4828 (nem1Δ) were treated with rapamycin for 4 h. Whole-cell extracts were subjected to western blotting and prApe1 and mApe1 were detected using the anti-Ape1 antibody.
inactivation after nutrient starvation, probably via membrane production.
Triacylglycerol is important for autophagosome formation and macroautophagy [29] . Consistently, Pah1-mediated DAG synthesis was required for proper macroautophagy after TORC1 inactivation (this study). In addition, DAG synthesis was critical for microautophagy (at least micronucleophagy). Microautophagy is also a membrane lipid-consuming process because the vacuolar membrane itself is degraded during autophagy. Moreover, the nuclear inner and outer membranes are also degraded during micronucleophagy. TAG-dependent lipogenesis might be required for not only macroautophagy but also microautophagy in nutrient starvation (TORC1 inactivation) conditions. In addition, DAG production mediated by the Nem1/Spo7-Pah1 axis was critical for proper nuclear morphology and nuclear localization of Nvj1 and Atg39, which are required for micronucleophagy and macronucleophagy, respectively (Fig. 14) . Thus, the Nem1/Spo7-Pah1 axis is synergistically required for nucleophagy. The Nem1/Spo7-Pah1 axis is activated in TORC1 inactive conditions [24] (Fig. 14) , but the basal activity of this axis in normal conditions is sufficient for the proper structure of the NVJ and thereby the accumulation of Nvj1 and Atg39 at the NVJ (Figs 10 and 11 ). This might be because there were no marked changes in NVJ structure and Nvj1 and Atg39 localization at the NVJ before and after rapamycin treatment in wild-type cells (Figs 10 and 11) . However, it remains unknown whether TORC1 regulates Nvj1 and Atg39 localization through another pathway in this study.
The basal activity of the Nem1/Spo7-Pah1 axis is also required for proper vacuole fusion in normal conditions [36, 52] (this study). In addition, TORC1 regulated the vacuole fusion process in a parallel pathway, because rapamycin treatment overcame vacuole fusion even in the absence of the Nem1/ Spo7-Pah1 axis (Figs 7 and 14) . Roles of the Nem1/ Spo7-Pah1 axis in normal conditions might be also regulated by TORC1 (Fig. 13B) . Both DAG and PA are implicated in various cellular signaling pathways in mammalian cells [7] . Because lipin deficiency reduces DAG levels and increases PA levels, it perturbs cellular signaling. In other organisms, it is as yet unknown whether the Nem1/Spo7-lipin axis mediates autophagy induction after TORC1 inactivation. The activation of lipin by Nem1/Spo7 (CTDNEP1/NEP1R1) and TORC1 inactivation is conserved from yeast to human cells and is important for TAG storage in nutrient-starved conditions (see 'Introduction'). Additionally, TAG is important for autophagy induction after nutrient starvation in mammalian cells [27, 29, 66] . These facts suggested that TORC1 promotes autophagy induction after nutrient starvation via the Nem1/Spo7-lipin axis in human cells. More recently, it was reported that lipin-1 mutations in mice caused myopathy, which was associated with a blockade in macroautophagy and accumulation of aberrant mitochondria; lipin-1 was required for maturation of autolysosomes and macroautophagy flux, through DAG production ? DAG-mediated activation of the protein kinase D (PKD) ? the class III phosphatidylinositol 3-kinase signaling [67] . The class III phosphatidylinositol 3-kinase complex consisting of Atg14, Atg6 (Beclin 1), Vps15, and Vps34 produces phosphatidylinositol 3-phosphate, which is required for the isolation membrane formation and macroautophagy [25] . Thus, lipin is critical for macroautophagy in normal (nutrientrich) conditions in mammalian cells. We could speculate that the TORC1-Nem1/Spo7-lipin axis is also an important branch for autophagy induction after nutrient starvation in mammalian cells.
Materials and methods

Strains, plasmids, and media
Saccharomyces cerevisiae strains and plasmids used are listed in Tables 1 and 2 , respectively. Glucose-containing YPAD (YPD containing 0.01% adenine) and synthetic minimal medium (SD) complemented with the appropriate nutrients for plasmid maintenance were prepared using standard methods. For assessment of autophagy, when cells harbored plasmids, cells were precultured in SD with the appropriate nutrients, and then cultured in YPAD. For nitrogen starvation experiments, cells were transferred to SD-N without ammonium sulfate.
Western blotting analysis
Exponentially growing cells were used for experiments. Proteins were extracted using a postalkaline extraction method in accordance with a previous report [68] . Briefly, cells (10 mL culture, OD 600 = 0.2-0.8) were treated with 200 lL of 0.1 M NaOH for 5 min and then the pellet was collected by centrifugation. The pellet was resuspended in sample buffer (60 mM Tris-HCl [pH 6.8], 5% glycerol, 2% SDS, 4% 2-mercaptoethanol and 0.0025% bromophenol blue) at 95°C for 5 min. Crude extracts were cleared by centrifugation and the supernatant was used for western blotting analysis. We used an anti-GFP mouse monoclonal antibody (Santa Cruz, Dallas, TX, USA, #sc-9996), anti-Ape1 rabbit polyclonal antibody (a gift from D. Klionsky), antiAtg13 rabbit polyclonal antibody (a gift from Y. Kamada), and an anti-Pgk1 mouse monoclonal antibody (Thermo Fisher Scientific, Waltham, MA, USA, #A-6457). Chemiluminescence signals from Western BLoT Quant HRP Substrate (Takara, Kusatsu, Japan, #DS-T7102) for horseradish peroxidase (HRP) and Immuno Shot (Cosmo Bio, Tokyo, Japan, #IS-012-250) as an immunoreaction enhancer solution were detected using an image analyser (Fuji LAS3000mini). All western blotting experiments were performed independently at least three times to confirm the reproducibility of the results. Relative protein amounts were measured using IMAGEJ (Bethesda, MD, USA) software. The average and standard deviation was determined for each sample from three independent experiments, and relative values normalized against the value in control cells are shown. For statistical analysis, theP-values were calculated using a two-tailed Student t-test.
Microscope observations
Exponentially growing cells were used for experiments. Cell, GFP, and FM4-64 images were captured using a Carl Zeiss Axio Imager M1 microscope with a cooled CCD camera (Carl Zeiss AxioCam MRm). All microscope observations were performed independently at least three times to confirm the reproducibility of the results. For the examination of vacuolar morphology, more than 100 cells were counted and scored. Data are shown as average and SD. For statistical analysis, the P-values were calculated using a two-tailed Student t-test. [pRS316] GFP-ATG8 URA3 CEN [71] 
